Seven out of eight piglets which were susceptible to malignant hyperthermia (MHS) died when subjected to a heat challenge which was well tolerated by controls. The piglets which succumbed developed the classical clinical and biochemical changes of malignant hyperthermia before they died. These results show that overheating alone can trigger malignant hyperthermia in susceptible animals. Because the biochemical basis of malignant hyperthermia is similar in both humans and pigs, these observations suggest that overheating can also trigger malignant hyperthermia in humans. The susceptibility to overheating in malignant hyperthermia susceptible humans and animals probably explains why the myopathy which predisposes to this condition has also been reported to predispose to heat-stroke and the sudden infant death syndrome. In view of this, particular care to prevent overheating should be taken in infants of parents who are susceptible to malignant hyperthermia.
Malignant hyperthermia (MH) is a dangerous complication of anaesthesia 1 , which occurs in individuals with an underlying specific inherited muscle membrane disorder 2 and which is usually triggered by succinylcholine or by inhalational agents such as halothane. Fortunately, an animal model has been available to study MH, as certain breeds of pigs were found by chance to be susceptible to the anaesthetic complication (MHS) 3 , and these animals also have an underlying muscle disease. Experiments on MHS humans and pigs have shown that they share a common biochemical basis for MH which is an elevation of Ca 2+ in the myoplasm 4 .
The muscle disease which predisposes to MH also predisposes to heat-stroke in humans 5 , and an association has been described between MH and the sudden infant death syndrome (SIDS) 6 , which may be due to overheating 7 . A significant excess of deaths during anaesthesia was found in SIDS families when compared with controls 8 . Pigs which are susceptible to MH also die suddenly in their pens (the porcine stress syndrome (PSS)) 9 , and thus provide an animal model for SIDS. The signs of PSS include progressive dyspnoea, increasing body temperature, alternating areas of blanching and erythema in the skin, collapse, and death within a few minutes of the initial signs. Rigor mortis develops almost immediately. If dantrolene, the antidote for MH, can be given quickly enough to pigs which develop PSS, they can survive.
A rapid sustained rise in body temperature is a common sign in MH, and overheating has long been known to predispose to SIDS [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . This knowledge, together with the reported association between MH and SIDS, has led us to examine whether overheating alone can trigger MH in susceptible animals.
MATERIALS AND METHODS
Approval for this investigation was given by the Animal Experimentation Ethics Committee of the Australian National University.
Eight MHS piglets and eight control piglets were included in the study. There were five male and three female piglets in both the MHS and control groups. They were all eight weeks old. The mean weight in the MHS group was 10.1 kg (0.4 SEM) and in the control group it was 9.1 kg (0.5 SEM).
On the afternoon before the heating experiment, samples of gracilis muscle were taken under anaesthesia with thiopentone, and a sample of blood was taken after an indwelling catheter was inserted into the left carotid artery.
Two methods were used to identify susceptibility to MH. The first was pharmacological and involved exposing isolated strips of muscle to 3% halothane and separately to incremental doses of caffeine 20 . The second was by a DNA test. Pigs were diagnosed homozygous either for the normal Arg615 or for the Cys615 substitution, which causes porcine MH 21 , by restriction fragment length polymorphism (RFLP) analysis. A 74 bp fragment was amplified by polymerase chain reaction (PCR) from purified genomic DNA using primers spanning the bases coding for the amino acid at position 615. The generated fragments were digested with both Hin P1, which cuts the normal sequence, and Bsi HKA1 (an isoschizomer of Hgi A1) which cuts the abnormal but not the normal sequence.
On the following morning the piglets were weighed, and the fore-and hindlimbs were secured by elastoplast. They were then swaddled in operating theatre towels, placed in a sleeping bag and then in a neonatal incubator ( Figure 1 ). The temperature of the incubator was increased thermostatically from room temperature to 39-40°C over 60 minutes and then maintained at this temperature for the next 40 minutes.
The temperature of the incubator, the skin and rectal temperatures and the respiratory rate of the pigs were measured every five minutes.
Muscular rigidity of the front extensors was measured in all the pigs which died and given a clinical score: 0=flaccid; 1=initiation of rigidity; 2=mild rigidity; 3=pronounced rigidity; 4=severe rigidity and difficulty bending the extensor; 5= severe rigidity and inability to bend the extensor.
Samples of blood were taken immediately before the incubator started heating up, at 60 minutes and at 100 minutes, but were taken earlier than 100 minutes in MHS pigs which became stressed. One MHS piglet died before the 60 minute and 100 minute samples could be taken.
Each arterial blood sample was used to measure blood gas values, acid base status, oxygen saturation, oxyhaemoglobin, reduced haemoglobin, sodium chloride, potassium, calcium, magnesium, phosphate, OVERHEATING AND MALIGNANT HYPERTHERMIA Anaesthesia and Intensive Care, Vol. 24, No. 3, June 1996 FIGURE 1: A swaddled piglet is shown in the neonatal incubator with the three temperature monitoring devices. albumin, creatinine, urea, ammonia, lactate, creatine phosphokinase (CK), haemoglobin, red blood cell count, MCV, haematocrit and platelet count. All the biochemical and haematological measurements were carried out by the Department of Clinical Pathology at Woden Valley Hospital.
Statistics
Significant differences in mean values were obtained using Student's non-paired t-test.
RESULTS
Seven of the MHS piglets died during the procedure. The deaths occurred at 65, 67, 80, 80, 83, 85 and 93 minutes after the thermal challenge began. The eight control piglets all survived the 100 minute challenge and recovered quickly as soon as they were removed from the incubator.
The rectal temperature of the MHS piglets and the controls did not differ significantly before the heat challenge. Ten minutes after the thermal challenge began the MHS piglets became significantly hotter than the controls ( Figure 2 ), and this difference was maintained and increased until the MHS piglets died. Skin temperature readings gave similar results.
The respiratory rates of the MHS piglets and controls did not differ significantly initially ( Figure 3 ). After 30 minutes the respiratory rates of the MHS piglets were significantly faster than the controls. This difference was maintained until 50 minutes when both MHS and control piglets were hyperventilating equally.
Six of the seven MHS piglets which died had grade 5 muscle rigidity of the forelimbs (severe rigidity and inability to bend the extensor). The remaining piglet which died had no rigidity of the muscles of the forelimbs.
The pH of the plasma rose significantly in both MHS piglets and control piglets in the first 60 minutes of the challenge (Table 1) , and continued to rise in the controls. After 60 minutes there was a significant fall in pH in the MHS group.
The arterial carbon dioxide tension (P a CO 2 ) fell significantly in the MHS group in the first 60 minutes, and then rose significantly for the remaining period. The P a CO 2 fell significantly in the controls over 100 minutes. The oxygen tension in arterial blood (P a CO 2 ) fell significantly in the MHS group at the last reading.
By 100 minutes there was a significant fall in the concentration of bicarbonate in plasma, base excess (BE) and oxygen saturation of haemoglobin in the blood (SO 2 ) in the MHS group (Table 1) . There was a significant rise in bicarbonate and base excess in the control group at 60 minutes, which was not maintained at 100 minutes.
There was a significant fall in the oxyhaemoglobin fraction in total haemoglobin (O 2 Hb) and a significant rise in the reduced haemoglobin in total haemoglobin (RHb) in the MHS group at 100 minutes ( Table 1) lactate, ammonia, albumin, and creatinine levels all rose significantly in MHS piglets at 100 minutes ( Table 2 ). The CK levels were higher in the MHS group compared to controls at 60 and 100 minutes, but did not rise significantly during the challenge. The calcium, magnesium and urea levels did not change significantly (results not shown).
The haemoglobin, red blood cell count and haematocrit rose significantly in the MHS group at 100 minutes ( Table 2) .
The MCV and platelet counts did not change significantly (results not shown).
DISCUSSION
The results of the present investigation show clearly that overheating alone can trigger fatal MH in piglets which have the muscle membrane disorder which predisposes to MH. The MHS piglets developed the classical clinical and biochemical signs of MH, 7 out of 8 of them died, and six of these developed gross muscular rigidity. In contrast, eight control piglets given the same heat challenge all survived and recovered quickly.
The temperature of the MHS piglets rose significantly more rapidly in response to the thermal challenge than in controls. All the piglets also developed a marked increase in respiratory rate in response to the challenge, but this occurred significantly sooner in the MHS piglets than in the controls.
The MHS group developed the classical biochemical changes of MH which included metabolic acidosis, increased serum lactate, potassium, phosphate and ammonia 22 . The pH increased significantly in the control group because of hypocapnia, which resulted from the hyperventilation induced by the thermal challenge. The elevated potassium and phosphate levels in the MHS group were due to these substances leaking from the damaged muscle cells into the circulation. The increased levels of ammonia in the MHS group were probably due to enzymic deamination of purine nucleotides as a result of depletion of intracellular ATP (Belonje, unpublished observations). The MHS group became grossly anoxic. Levels of CK were significantly higher in MHS piglets at 60 and 100 minutes than in controls, but the CK levels did not change significantly during OVERHEATING AND MALIGNANT HYPERTHERMIA Anaesthesia and Intensive Care, Vol. 24, No. 3, June 1996 the challenge. Elevated levels of sodium, chloride, albumin, haemoglobin, red blood cell count and haematocrit in the MHS group at 100 minutes were probably due to haemoconcentration, resulting from dehydration induced by MH.
A previous study has used piglets to study the relationship between overheating and SIDS 23 , and it is interesting that the distribution of petechiae which were found at post mortem in piglets who died from overheating was similar to that found in SIDS.
A rapid and sustained rise in body temperature is a common clinical sign in MH 4 , and overheating is known to be an important risk factor for SIDS [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Furthermore the myopathy which predisposes to the anaesthetic complications of MH can also predispose to heat-stroke 5 , and has been found in 6 out of 16 parents of infants who died from SIDS 6, 24 . Support for the association between MH and SIDS has come from an epidemiological survey in which anaesthetic deaths occurred more frequently in SIDS families than in controls 8 Tables 2a, b and c: Biochemical and haematological results in MHS piglets and controls (MHN-malignant hyperthermia negative) during the thermal challenge. The results shown are mean values (SEM). When fewer than 8 piglets were studied the numbers are shown in square brackets. Levels of significance (P) between MHS and MHN groups are shown in the right hand columns, and significant differences within MHS and MHN groups for comparisons between 0 and 60 minutes, between 0 and 100 minutes and between 60 and 100 minutes are shown below each column. limited at present by the fact that the myopathy which predisposes to MH usually occurs in individuals who are quite normal otherwise, and can only be diagnosed unequivocally in humans by an invasive in vitro muscle test. For this reason we decided to pursue the association between overheating, MH and SIDS by studying the effect of a heat challenge on MHS piglets. Malignant hyperthermia appears to have the same biochemical basis in both humans and pigs and depends on a high myoplasmic Ca 2+ level 4 , and PSS in pigs provides an experimental model for SIDS. The evidence incriminating overheating as an important risk factor for SIDS has grown strongly in recent years. Infants diagnosed as SIDS are often found to be sweaty, hot and to have high rectal temperatures. At Newcastle, U.K., five infants, four of whom died, developed a sudden illness with fever, shock, convulsions, hepatic disturbance, and bleeding tendency, and it was suggested that the illness was heat-shock brought about by excessive wrapping or warming during a mild infection 10 . In Oxford and Scarborough, amongst 34 infants who died from SIDS, 94% were either excessively clothed, in an unusually warm environment, hot and sweaty when found dead, or had an infective illness, which on its own would not be expected to cause death 13 . Prerefrigeration rectal temperatures of over 38°C were noted in 10 of 24 SIDS cases in Sheffield and five were greater than 40°C 12 , and in East Germany the measurement of rectal temperature in 138 infants who had died suddenly revealed 114 (82.6%) with hyperthermia 15 . Stanton et al 11 also incriminated heatstroke (8/33 cases) and hyperthermia (15/34 cases) as contributing factors to cot death.
The prone sleeping position, elevated ambient temperatures and over-wrapping of the infant are key factors which have been implicated in the induction of the hyperthermic response in SIDS. Infants below three months of age have higher metabolic rates, which are reflected in increased heat generation 16 . Lower outdoor temperatures often lead to overdressing and over-wrapping of infants, and excessively heating the infant's room, which increase the metabolic rate.
The prone sleeping position predisposes to SIDS. Babies sleeping in the prone position with an excess of bedding are more likely to become hyperthermic than infants in the supine position with equivalent coverings 14 . Fleming et al 16 confirmed that the thermoregulatory role of the head could be compromised by the prone sleeping position under such conditions.
Public recognition of these factors has resulted in a reduction in the incidence of the syndrome. In New Zealand the incidence of SIDS has fallen from 6 to 8 to 0.8 per 1000 live births and similar trends have been observed in Australia.
The present investigation shows that overheating alone can trigger MH in susceptible experimental animals. As overheating is an important risk factor for SIDS, this suggests that it is prudent to take particular care to avoid overheating in all infants but especially those of MH susceptible parents.
